The physiological processes that control relative starch, protein, and oil concentration of maize (Zea mays L.) kernels are not well defined. In this study, associations between metabolic characteristics of developing kernels and specific storage product accumulation in mature kernels were identified. In a field experiment, kernels of maize genotypes with widely divergent chemical composition were harvested 50 days post pollination (DPP) to compare starch, protein, and oil concentrations with enzyme activities, sugar, and amino acid levels of kernels harvested 20 DPP. Mature kernel starch concentrations were correlated with immature kernel sucrose concentrations and ADP-glucose pyrophosphorylase activities. Amino acid concentrations in immature kernels were correlated with the activities of phosphoglucoisomerase, phosphoglucomutase, pyrophosphate:fructose 6-phosphate I-phosphotransferase, and aldolase and with mature kernel protein concentrations, but negatively correlated with starch concentrations. Oil concentrations were positively correlated with mature embryo dry weights and with malate dehydrogenase activities in isolated embryos harvested 20 DPP. The results suggest a complex interaction of sugars and amino acids supplied to the kernel by the plant affecting enzyme activities and storage product accumulation in the developing kernel. High-starch genotypes supplied more sucrose to their kernels, had higher ADP-glucose pyrophosphorylase activity, and greater starch accumulation. High-protein genotypes supplied more amino acids to their kernels, and had enhanced expression of a number of enzymes that may contribute to the greater protein accumulation. These data suggest that nutrient supply interacts with expression of enzyme activities in developing kernels to determine starch and protein concentrations in mature kernels.
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ars. The IHP kernels also contained higher activities of enzymes of amino acid metabolism than the ILP strain.
The major physiological difference between IHO and ILO maize strains is the size of the germ (Curtis et al., 1968; Dudley et al., 1977) . Because the embryo is the primary site of oil storage (Inglett, 1970; Doehlert, 1990 ), kernels with a larger percentage of their dry weight as embryo will have higher oil concentration, as is the case with IHO maize. In contrast, ILO kernels have small embryos.
It is clear that many environmental, physiological, cellular, metabolic, and molecular processes contribute to the relative deposition of starch, protein and oil in the developing maize kernel. The primary objective of this study was to compare the properties of sugar and amino acid metabolism in the Illinois Chemical strains to determine some metabolic properties associated specifically with starch, protein or oil accumulation. We also grew the inbreds B73 and Mo17 and their hybrid B73 X Mol7 to use as normal genotypes, with which we could compare the Illinois Chemical strains.
MATERIALS AND METHODS

Plant Materials
The maize inbreds B73, Mo17, and their hybrid B73 X Mol7, along with the Illinois Chemical strains ILO, IHO, ILP, and IHP were grown in replicated field plots. All materials were planted on 25 Apr. 1988 on the Agronomy Farm of the University of Illinois at Urbana, IL. Seed from the 88th generation of selection was used for all Illinois Chemical strains. The soil type was Flanagan silt loam (fine, montmorillonitic, mesic Aquic Argiudoll). The field had been in a maize-soybean [Glycine max (L.) Merr.] rotation for several years. The field received a preplant application of 43:107 kg P:K ha-l and 112 kg N ha-1 as anhydrous NH 3 • All plots were overplanted and thinned to a plant density of 20400 ha-1 • Because of the severe drought at Urbana in 1988, all plots received two applications of 100 mm of water (total 200 mm) from an overhead irrigation system. One application of water was made at about the 15-leafstage and the second about 10 dafter anthesis. Ears were hand pollinated and harvested at 10,20, 30, 40, and 50 DPP. Kernels collected 10 DPP were removed from ears immediately after harvest, whereas all other ears were frozen immediately after harvest and kernels were sampled from frozen ears. Kernels were stored at -20°C until used.
Analyses
Fresh and dry weights of endosperm and embryos were determined by weighing dissected samples from 10 kernels before and after oven drying at 60°C for 48 h. Kernels were dissected by first cutting off the tip cap (bottom 2 mm) with a sharp scalpel, then cutting through the pericarp and removing it along with any nucellus tissue. The pericarp was separated from the endosperm at the seed coat. An additional incision was often necessary to remove the embryo from the endosperm. Samples of~40 whole kernels harvested 20 DPP were lyophilized and ground to a powder in preparation for enzyme, sugar, and amino acid extractions. Kernels were harvested at 20 DPP to provide information on the biochemical characteristics of the kernel near the midpoint of grain fill. Extraction and assay of sucrose synthase (SS), invertase (INVER), glucokinase (GK), fructokinase (FK), sorbitol dehydrogenase (SDH), uridine diphosphate-glucose pyrophosphorylase (UDPG), phosphoglucomutase (PGM), phosphoglucoisomerase (PGI), phosphofructokinase (PFK), pyrophosphate:fructose 6-phosphate I-phosphotransferase (PFP), aldolase (ALDO), adenosine diphosphate-glucose pyrophosphorylase (ADPG), L-glutamate:pyruvate aminotransferase (GPT), Lglutamate:oxaloacetate aminotransferase (GOT), and malate dehydrogenase (MDH) activities were performed as described earlier (Doehlert et aI., 1988; Doehlert, 1990) . One unit ofactivity is defined as the activity necessary to produce I ,umol of product in 1 min at 30°C
Samples of =40 kernels harvested 50 DPP were also lyophilized and ground to a powder in preparation for storage product analysis. Starch was analyzed by enzymic digestion and subsequent determination of glucose using glucose oxidase and peroxidase as described previously (Doehlert, 1990) . Nitrogen concentration of samples was determined by micro-Kjeldahl analysis (AOAC, 1984) . Protein was calculated as 6.25 times the N concentration. Zein was extracted thrice at 60°C for each sample of 200 mg in 2 mL (total of 6 mL) of700 mL L-l ethanol containing 5 g L-l NaOAc and 2 g L-l dithiothreitol and protein was determined by micro-Kjeldahl analysis. Oil was extracted and analyzed by gas-liquid chromatography as described by Black et al. (1967) . Amino acids were extracted twice in 2 mL of 950 mL' L-l ethanol per 200 mg sample. Supernatants were pooled and brought up to 50 mL with H 2 0. Precipitated storage proteins were pelleted by centrifugation and amino acids were quantitated using a ninhydrin assay (Hecht et aI., 1988) . Sucrose was extracted and assayed using the method of Kuo et al. (1988) .
Experimental Design and Data Analysis
Plants were grown in a randomized complete-block design with three replicates. Significant differences in means were determined by the analysis of variance, and Fisher's LSD was used to compare individual means. All phenotypic correlations were estimated using treatment means.
RESULTS
Endosperm dry weight increased in a nearly linear fashion for most genotypes between 10 and 40 DPP, although sampling of ILO was not sufficient to characterize its growth curve (Fig. 1) . Embryo dry weight accumulation was slow from 10 to 20 DPP and then accelerated to a fairly constant rate up to 50 DPP in dent inbreds and their hybrid. Embryo dry weight accumulation occurred at a greater rate in IHO, and their mature embryos were large in comparison with the other Illinois Chemical strains; IHO mature embryos were, however, comparable in size with the dent hybrid. All other Illinois Chemical strains had smaller embryos in comparison with the dent inbreds and their hybrid after 30 DPP (Fig. 1) . Patterns of moisture loss in all of the genotypes tested were similar (data not shown).
Characteristics of Mature Kernels
The hybrid and dent inbreds all had = 79% of their c:-~~c:- bryo, and 7% in the pericarp (Table 1 ). The final kernel dry weight of the hybrid was =25% larger than the mean of the parents. The hybrid endosperms and embryos were 23 and 37% larger than the midparent mean, respectively. The IHO had the largest embryo percentage and smallest endosperm percentage, whereas ILO had the smallest embryo percentage and largest endosperm percentage. The ILP had a smaller percentage embryo than the inbreds and hybrid whereas IHP had a smaller percentage endosperm. Hybrid kernels (B73 X Mol7) were the largest of the group, and IHP kernels the smallest. The inbred and hybrid kernels contained =640 g starch kg-1 dry wt., as did ILP kernels ( Table 2 ). The ILO kernels contained 720 g starch kg-1 dry wt., but IHO and IHP kernels contained only =370 g starch kg-1 dry wt. The normal genotypes, ILO, and IHO all contained = 100 g total protein kg-1 dry wt. The ILP kernels contained the lowest protein concentration, whereas IHP kernels had the highest protein concentration. In most genotypes, zein protein concentration was =55% ofthe total protein concentration. The ILP kernels had particularly low zein concentration, being only 36% of the total protein, whereas IHP kernels had a high concentration of zein. Normal genotypes, ILP, and IHP kernels all had =30 to 50 g oil kg-1 dry wt. The ILO kernels had only =7 g oil kg-1 dry wt., whereas IHO had 188 g oil kg-I dry wt.
Endosperm dry weight was highly correlated with whole kernel dry weight (r = 0.96, P < 0.05). Starch concentration of endosperm was =830 g kg-1 dry wt. for most genotypes, although IHP kernels had significantly lower starch (Table 3) . Most genotypes had between 90 and 155 g protein kg-1 dry wt. in their endosperms. As expected, ILP endosperm had much lower protein, whereas IHP had much higher protein concentration (Table 3) . Endosperm oil concentration was significantly lower in the normal genotypes than in the Illinois Chemical strains (Table 3) . As noted earlier, the hybrid embryo was larger than those of the parental inbreds (Table 4) . With the exception of IHO, embryos of the Illinois Chemical strains were smaller than those of the normal genotypes. The IHO kernels had larger embryos than normal genotypes. The IHO and IHP embryos had lower starch than did embryos of other genotypes. Embryo starch concentration was correlated with endosperm starch concentration (r = 0.82, P < 0.05). Embryo protein concentration was similar in most genotypes, although protein concentration of ILP embryos was significantly lower than the protein concentration of IHP embryos. The IHO embryos contained a high oil concentration, whereas ILO embryos contained a low oil concentration.
Characteristics of Kernels at 20 Days Post Pollination
Dry weights of kernels at 20 DPP (Table 5) were highly correlated with mature kernel dry weight (r = 0.85, P < 0.01). Sucrose concentrations at 20 DPP were highest in ILO and ILP kernels and lowest in IHP kernels. The normal genotypes, ILO, and IHO kernels did not significantly differ in free amino acid concentrations at 20 DPP. The ILP and IHP kernels had significantly lower and higher free amino acid concentrations, respectively, than other genotypes (Table 5) . Of the enzyme actlvltles measured in extracts of whole kernel harvested at 20 DPP (Table 6) , no significant differences among genotypes were found for SS, FK, or SDH when activities were expressed as units per gram of dry weight. The INVER activity was particularly high in IHO and IHP kernels. The PGM, PGI, PFP, ALDO, GPT, GOT, and MDH activities were particularly high in IHP kernels and low in ILP kernels. The ADPG activity was very low in IHP kernels in comparison to all other genotypes.
When enzyme activities were expressed on a per kernel basis, different relationships between enzyme activities and genotype were evident. The ILO kernels had the highest activities for all the enzymes measured (data not shown). The PGM, PGI, PFP, and ALDO activities were particularly low in ILP kernels when expressed on a per kernel basis (data not shown).
Correlations
Amino acid concentrations in 20-DPP kernels were correlated with more characteristics of developing and mature maize kernels than any other kernel characteristic (Table 7) . Amino acid concentrations in immature kernels were positively correlated with total protein and zein protein concentration in mature kernels and with the INVER, PGM, PGI, PFP, and ALDO activities at 20 DPP (Table 7) . Total protein and zein protein concentrations at 50 DPP were also correlated with PGM, PGI, PFP, and ALDO activities at 20 DPP (Table 7) . Several ofthese enzyme activities were also correlated with each other (not shown) and negatively correlated with starch concentration (Table  7) . The INVER activity at 20 DPP was negatively correlated with starch, positively correlated with total protein concentration at 50 DPP, but not significantly correlated with zein (Table 7) or oil (not shown) concentrations at 50 DPP. The ADPG activity was negatively correlated with amino acid concentrations at 20 DPP, total protein, and zein protein concentrations at 50 DPP, but positively correlated with starch concentration in 50-DPP kernels (Table 7) . When ADPG activity and sucrose concentrations in 20 DPP kernels were expressed on the basis of grams per fresh weight, a significant positive correlation was found (Fig. 2) . The ADPG activities of the four Illinois Chemical strains plotted relative to their sucrose concentrations independent of the normal genotypes were highly correlated (r = 0.97; not shown). Significant negative correlations were also found between ADPG activity and INVER, PGI, and PFP activities (not shown).
A different set of correlations was observed when data were expressed on a per kernel basis, primarily pertaining to starch biosynthesis (Table 8 ). The SDH, UDPG. and ADPG activities at 20 DPP were all correlated with starch content at 50 DPP. The activities of UDPG, ADPG, and SDH at 20 DPP were also cor- ture kernels are also associated with amino acid concentrations in immature kernels.
Factors Affecting Starch Biosynthesis
For all of the genotypes, starch was the most abundant storage product in the kernel (Table 2) . Starch Table 9 . Phenotypic correlations of traits related to oil content in maize embryos where embryo dry weight and embryo oil content were expressed in milligrams per embryo and enzyme activities were expressed in units per embryo. Oil and embryo dry weight were measured at maturity, whereas enzyme activities were measured in isolated embryos harvested 20 d post pollination (n = 7).
-," Significant at the 0.05 and 0.01 probability levels, respectively.
t SS = sucrose synthase, UDPG = uridine diphosphate-glucose pyrophosphorylase, PGI = phosphoglucoisomerase, PFK = phosphofructokinase, ALDO = aldolase, MDH = malate dehydrogenase. Sucrose. ,umoljg fresh wt related with mature kernel dry weight (Table 8 ). In addition, many of the enzyme activities were correlated to each other (not shown).
No enzyme activity listed in Table 6 for whole kernels was correlated with kernel oil content (data not shown). Therefore, we measured enzyme activities in isolated embryo extracts (data not shown). Expressed as units per gram of dry weight, only MDH activity was correlated with oil concentration of isolated embryos (Fig. 3A) . Expressed as units per embryo, the activities of SS, UDPO, POI, POM, ALDO (Table 9) , and MDH ( Fig. 3B ; Table 9 ) all were correlated with milligrams of oil per embryo. Mature embryo dry weight was also highly correlated with milligrams of oil per embryo (Table 9 ). Table 8 . Phenotypic correlations of kernel traits where kernel dry weight and starch contents were expressed in grams per kernel and enzyme activities are expressed in units per kernel. Kernel dry weights and starch contents were measured at maturity whereas enzyme activities were measured at 20 d post pollination
DISCUSSION This study compared metabolic properties of developing kernels of maize genotypes widely divergent for starch, protein, and oil accumulation in order to determine those properties associated with specific storage products. This study demonstrated that different enzyme activities are associated with the accumulation of each storage product. The enzyme activity correlated with starch concentrations of mature kernels is also associated with the sucrose concentration of kernels at 20 DPP. Those enzyme activities associated with protein concentration in ma-*,** Significant at the 0.05 and 0.01 probability levels, respectively. t SS = sucrose synthase, SDH = sorbitol dehydrogenase, UDPG = uridine diphosphate-glucose pyrophosphorylase, PGM = phosphoglucomutase, ADPG = adenosine diphosphate-glucose pyrophosphorylase.
concentration was closely correlated with mature kernel dry weight (Table 7) , and most of the starch was found in the endosperm (Tables 2-4) . Genotypes with either increased protein or oil concentrations had lower starch concentrations (Table 2) . Starch is a relatively energy-efficient storage product, compared with oil and protein (Penning de Vries et aI., 1974) . Earlier studies with ILP and IHP (Lorenzoni et aI., 1978; Reggiani et aI., 1985; Wyss et aI., 1986) suggested that ILP is more efficient at mobilizing carbohydrates and supplies more sucrose to the kernels than IHP. The increased sucrose supply appeared to enhance starch accumulation relative to protein in developing kernels. In the present study, starch concentration in mature kernels was correlated with both sucrose concentrations and ADPG activities in immature kernels (Tables 7, 8 ). In turn, ADPG activities were correlated with sucrose concentrations (Fig. 2) . It is known that ADPG is a key regulatory enzyme for starch biosynthesis (Dickinson and Preiss, 1969) and its correlation with sucrose levels suggests the expression ofthis enzyme is modulated by sucrose. A similar correlation between ADPG activity and kernel sucrose concentration has been observed in a series ofisogenic starch-deficient endosperm mutants (Doehlert and Kuo, 1990) . Accumulated sucrose may act as a signal to endosperm cells that induces increased expression of ADPG. Increased expression of ADPG may lead to increased starch biosynthesis. This hypothesis provides a plausible mechanism by which the capacity for starch biosynthesis in a developing maize kernel could be regulated by the supply of sucrose from the maternal plant.
When starch and enzyme activities were expressed on a per kernel basis, the activities of ADPG, SS, SDH, UDPG, and PGM in immature kernels were all correlated with starch content of mature kernels. All of these enzyme activities are in a pathway by which sucrose may be converted into starch in maize endosperm (Doehlert et aI., 1988) . Thus, there is a plausible connection between these enzyme activities and starch accumulation.
Factors Affecting Protein Accumulation
The two factors that appeared to be most closely associated with mature kernel protein levels were amino acid concentrations in immature kernels and the activities of the enzymes INVER, PGM, PGI, PFP, and ALDO. Protein concentrations in the various genotypes studied were correlated with PGM, PGI, PFP, INVER, and ALDO activities. It is not clear if the increased enzyme activities are induced by the higher amino acid supply or if the increased activities are characteristic of genotypes with increased capacity for protein biosynthesis. The enhanced activities trace out a pathway of sucrose degradation that could supply C skeletons for amino acid biosynthesis, as threeor four-C organic acids in a scheme like that suggested by Macnicol (1977) . Thus, these increased enzyme activities could allow for increased protein biosynthesis by increasing the supply of C skeletons to amino acid biosynthesis. An alternative interpretation is the increased enzyme activities are simply an inevitable consequence of increased protein levels. If this was the situation, however, then it is not clear why all enzyme activities were not enhanced to a similar extent. Recently, it was found that increased nitrogen nutrition to maize kernels grown in vitro stimulated activities of PGM, PGI, PFP and ALDO by as much as 3.5 times and stimulated protein accumulation by a larger factor (Singletary et aI., 1990) , supporting the view that these enzymes may supply C skeletons for protein synthesis.
Factors Affecting Oil Accumulation
The major factor correlated with oil concentration of maize kernels was the embryo dry weight (Table  9 ). This has been observed by several other investigators (Curtis et aI., 1968; Dudley et aI., 1977) . This observation is consistent with the fact that the embryo is the major site of oil storage in the kernel (Inglett, 1970; Doehlert, 1990) . The MDH activity in isolated embryos was correlated with embryo oil when expressed either as units per gram of dry weight or as units per embryo (Fig. 3) . This may be due to the increased respiratory requirement to synthesize oil. A number of other enzyme activities were also correlated with milligrams of oil per embryo when expressed as units per embryo (Table 9) .
Endosperm oil concentration in the Illinois Chemical strains was significantly higher than that in the dent varieties (Table 3) ; however, there was a significant negative relationship between mature endosperm dry weight and endosperm oil concentration (r = 0.91, P < 0.01). Electron micrographs of developing maize endosperm indicate the aleurone cells of the endosperm are rich in lipid bodies, whereas the starchy endosperm and even the subaleurone cells are practically devoid oflipid bodies (Felker, 1987) . Small endosperms would be expected to have a larger proportion of their dry weight composed of aleurone. Thus, smaller endosperms might be expected to have a higher oil concentration.
It should be noted that the strains of maize used in this study were not isogenic lines, and because they were grown under the same conditions, the metabolic differences are attributed to differences in genotype. Grain fill appeared to proceed fairly linearly between 10 and 40 d. Thus, the duration of grain fill was similar to these genotypes, albeit the rate of grain fill differed among them (Fig. 1) . Earlier studies have indicated that the enzyme activities measured in this study (Table 6) are not uniformly distributed within the kernel (Doehlert et aI., 1988) . A recent study has shown distinct associations of specific enzyme activities with specific storage products within the kernel (Doehlert, 1990) . Whereas enzyme activities from whole kernel were useful for comparing with starch and protein concentrations (Tables 7, 8) , endosperm enzyme activities appeared to interfere with those activities associated with oil accumulation in the embryo. Thus, it was necessary to measure enzyme activities from isolated embryos to obtain any correlations with oil accumulation (Table 8 ; Fig. 3 ). It is also clear, however, that the properties measured in this study are only a few of those that affect the overall kernel starch, protein, and oil accumulation.
The data presented in this study suggest selection for divergent kernel concentrations of starch, oil, and protein has resulted in the amplification of specific physiological characters associated with each storage product. These observations provide insight into the pathways and regulation of the metabolic processes involved in the deposition of these storage products, and into some of the physiological processes and interactions controlling yield in maize.
